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ABSTRACT MONITORING HELICOPTER GEARBOX VIBRATIONS

Ever-increasing demand in power, performance, and safety,

Typical vibration monitoring systems for helicopter gear- ) : A .
along with frequent failures resulting in financial losses have

boxes rely on single-axis accelerometer data. This paper inves-

tigates whether triaxial accelerometers can provide crucial flight n;}at?le fault detEctiohn and (Ijiagnostics iﬂ, rﬁtgtiﬂg machinery a
regime information for helicopter gearbox monitoring systems. ¢"&/€nging task (Choy et al., 1994). In high-risk aerospace ap-

The frequency content of the three different directions is com- plications, stringent requirements in safety and performance have

pared and analyzed using time-synchronously averaged vibra-P€en the main driving factors for research in condition moni-

tion data. The triaxial data are decorrelated using a mathematical ©°"iN9 Systems. In particular, current research focuses on im-
transformation, and compared to the original axes to determine Plémenting on-board condition monitoring systems to detect and

their optimality. The benefits of using triaxial data for vibra- diagnose failures in rotorcraft transmissions (Choy et al., 1994).

tion monitoring and diagnostics are explored by analyzing the Vibration emanating from the transmission gearbox is a prime

changes in the direction of the principal axis of vibration formed canrc]hdate for monitoring, as many ofbthe .fallureithat r?c_cur due
using all three axes of vibration. The statistical variation intro- (© the rotating components (gears, bearings) show their symp-

duced due to the experimental variables is further analyzed us- ©©MS @s changes in the frequencies and amplitudes of vibration

ing an Analysis of Variance approach to determine the effect of signatures. Gearboxes have been investigated in great detail to

each variable on the overall signature. The results indicate that understand the types of baseline frequencies and failure indica-

triaxial accelerometers can provide additional information about 'S .OE_e ca(\jn detect by.monitodri?g vibratigns (Cr:] oy etal, 1994;
the frequency content of helicopter gearbox vibrations, provid- -€Wicki and Coy, 1987; McFadden, 1991; Smith, 1999). In par-

ing researchers and industry with a novel method of capturing t'%"ar’ dexperlm(;antall mvers]tl%gtllgns of_\é!bratmn data have c?n—
and monitoring changes in the baseline vibration signatures. ~ tlouted tremendously to the field, providing a means to test algo-
rithms and techniques to detect and diagnose failures and defects

(Baldanzini and Beraldo, 1999; Chong and Yi, 1999; Ellerbrock
etal., 1999; Hess et al., 1998; Huff et al., 2000; Huff et al., 2001;
Lewicki and Coy, 1987; Tumer and Huff, 2000; Zacksenhouse
etal., 2000).
For rotorcraft applications, Health Monitoring and Usage
Vibration analysis, gearbox diagnostics, fault detection, tri- Systems (HUMS) in helicopters are viewed as the future so-
axial vibration measurement, Principal Components Analysis.  lution to the strict performance and safety requirements (Eller-
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brock et al., 1999; Hess et al., 1998; Larder, 1997; Samuel and
Pines, 2000). Despite the motivation to implement such systems
on board helicopters, most systems are still being used on an
evaluation basis, mainly due to the large number of false alarms
and warnings that compromise the validity of such systems. One
of the main sources of unreliability are the statistical variations
in baseline vibration signatures, which potentially mask the real
failure effects, hence result in frequent false alarms. Previous
work has explored the sources of variation during regular flight
conditions, using actual helicopters as well as test rigs; it was
shown that various uncontrollable factors such as regular ma-
neuvering and maintenance result in significant deviations in the
vibration signal, and should be accounted for prior to imple-
menting on-board monitoring systems (Huff et al., 2000; Huff
etal., 2001). To address questions about the validity of helicopter
monitoring systems, vibration data are collected at the NASA
Ames Research Center during flight using a series of research
helicopters, in a carefully controlled flight environment. These
data, along with test rig data, are being analyzed for various re-
search purposes (Hambaba et al., 2001; Huff et al., 2000; Huff Figure 1. GEARBOX TRANMISSION HOUSING.
etal., 2001; Pryor et al., 2001; Tumer and Huff, 2000; Tumer and
Stone, 2001) with the overall goal of building an understanding
of variations due to baseline changes and failures in helicopter
gearbox vibrations.

accelerometers, mounted radially to the housing (Channels 1-3,
bolts 2, 6, and 10); vibration data from a triaxial accelerometer
Data Collection and Processing mounted such that th¥ direction is vertical to the housing, the
Typical vibration monitoring is performed using single- Y.direction is tapgential to the housing, and thdirection is ra-
axis accelerometers placed radially on the transmission housingdid! 10 the housing (Channels 4-6, bolt 13); torque data (Channel
(Hess et al., 1998; Huff et al., 2000; Lundgaard, 1988). At- 7); and, tachometer pulse data (Channel 8). All of the channels
tempts have been made to capture frequencies by using a largé'® Sampled ata rate ofdzper channel, for about 34 seconds,
number of single-axis accelerometers mounted in various direc- COrresponding to over 190 revolutions of the output rotor (Huff
tions (Lewicki and Coy, 1987). While acceptable for test stands, ©t & 2000).
weight and space limitations prohibit the use of additional ac- In order to isolate frequencies specific to different gears
celerometers in actual helicopters. In addition, test stands only in the transmission, the raw vibration data are averaged us-
simulate a subset of the conditions during actual flight. For ex- ing time-synchronous averaging (TSA) techniques (Choy et al.,
ample, frequencies appear in real flight data due to engine gear1994; Dalpiaz and Rivola, 1997; McFadden, 1991; Smith, 1999).
mesh frequencies, causing considerable clipping of the vibration Time-synchronous averaging reduces the background noise and
data near the pinion (Huff et al., 2001). non-synchronous components, leaving a more accurate estimate
This paper addresses the question of whether using triax- of the vibration signal components. This process can be repeated
ial accelerometers, rather than single-axis accelerometers, will for each gear in the transmission system to provide the vibration
benefit the field of vibration monitoring and fault diagnostics for  signal relative to that particular gear (Choy et al., 1994). As a
rotating machinery, while at the same time satisfying space and result, in this paper, three different sets of data, computed from
weight constraints. In particular, the focus is on the question of the raw triaxial accelerometer data, are analyzed: 1) data aver-
whether measurements in multi-directions can provide an effec- aged based on one revolution of the pinion gear (TSP data, 512
tive technique to categorize baseline changes due to the inherenfpoints); 2) data averaged based on one revolution of the bevel
statistical variation in the vibration data. For this purpose, vibra- gear (TSF data, 2048 points); 3) data averaged based on one rev-
tion data are collected from an OH58c helicopter transmission olution of the output carrier to the epicyclic gear system (TSC
gearbox. As shown in Figure 1, accelerometers are mounted data, 8192 points). Throughout this paper, the data are referred
on the bolts around the housing in 4 locations. The data col- to in their abbreviated form as TSP (time-synchronous with the
lection system (HealthWatch-I, see (Huff et al., 2001)) collects pinion), TSF (time-synchronous with the bevel gear), and TSC
8 channels of data including: vibration data from 3 single-axis (time-synchronous with the carrier).
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Expected Frequencies for an OH58c Gearbox ber of frequencies emanating from the engine used to drive the
The OH58c helicopter transmission is a two-stage reduction pinion gear in the transmission. These frequencies are also ex-
box (Lewicki and Coy, 1987). The first stage consists of a spi- pected to appear as part of the vibration data measured at the
ral bevel pinion gearNpiniongear =19 teeth), driven by the in- transmission housing. For example, the power output gear ro-
put shaft from the engine side, rotating at a speed of 6p&0 tates synchronously with the pinion gear, and hence is expected
(103H2), which meshes with a bevel gedNytveigear=71 teeth). to have a frequency componentin the TSP data.
A planetary mesh provides the second reduction stage (Lewicki
and Coy, 1987). The epicyclic gear system consists of a sun
gear (Nsun =27 teeth), splined to the bevel gear shaft, which in
turn drives four planet gearslfianet =35 teeth each). The planet
gears mesh with a ring gedii{,g =99 teeth), which is attached
to the top case. Power is transmitted through the planet carrier
which is attached to the mast output shaft. The overall reduction
of the main power train is 17.44:1, driving the main rotor at 354
rpm.

The vibration signal is expected to contain all frequen-
cies due to the meshing between the different sets of gears,
their harmonics, and sidebands. The mesh frequencies are
computed as the input speed to the gear set multiplied with
the number of teeth (Mitchell, 1993; Smith, 1999). The pin-
ion mesh frequency is equal ®piniongeaNpiniongear the bevel

Flight Experimental Design
The flight experiments using research helicopters are con-

ducted using a controlled set of experimental flight conditions,
based on a latin square experimental design (Huff et al., 2000;
"Montgomery, 1991). Such an experimental design allows for var-
ious sources of variation and their interactions to be investigated
and quantified in a systematic fashion. In this design, 2 pilots fly
14 maneuvers each, and repeat each maneuver three times, in two
different sets. The maneuvers are selected with the help of the
research pilots to cover a representative set of stable conditions
typical of flight. These maneuvers are listed and explained in Ta-
ble 1. The entire experimental desigh matrix consists of 8 flights

gear rotational frequency is equal ®piniongea 'f\,’;';"v";g::r' the Table 1. LIST OF FLIGHT MANEUVERS AND DESCRIPTION.
bevel gear mesh frequency is equalNg.yeigeaFvevelgear (@ISO Maneuver Letter Name _ Description
equal to pinion mesh frequency); the sun gear mesh frequency g iifg izrr‘xzrrsz'l'lgg?t 'ﬁ?&ﬁﬁﬁiﬁa'ﬁl%
is equal toFpeveigeaNsungeas the carrier frequency is equal to c sL Sideward fiight, left, level
Nsun L Npiniongear. H H H D SR Sideward flight, right, level
Nsun+Nring Fplnlongea Nbevelgear’ the ePICyC“C_meSh frequehcy IS E FCLP Forward climb, low power flight
equal toFcarrierNring; @and, the planet passing frequency is equal F FDLP  Forward descent, low power flight
to Nplanetharrier G G Vehicle on ground skids
' L . H H Stationary hover
For the OH58c¢ transmission gearbox, the following frequen- | HTL  Hover turn left

cies are computedEpiniongear= 103HZ Fpinionmesh= 195MHz, J gTR cHOVZr' tuméight ot

. : f . _ . K TL oordinated turn le
with harmonics at integer multipldé = 1,2 3... and sidebands L CTR  Coordinated turn right
at:l:K X FpiniongearandiK X Fbeve]geai' Fbeve|gear: 27.56H Z; the M FCHP Forward climb, hlgh power
bevel gear mesh frequency equlsyeimesti= 195M z, with har- N FDHP  Forward descent, high power

monics at its integer multiples, and sidebands-Ktx Foeveigear
and +K x Fpiniongeai Fsungear= 27.56Hz (equal to Fbevelgea);
Fsunmesh= 744.12Hz, with harmonics at its integer multiples,
and sidebands atK x Fpjanet Fearrier = 5.91HZ Fpjanet =
206.85Hz For an epicyclic gear system with a single planet gear,
the epicyclic mesh frequency equélispicyclicmesh—= 584.74Hz,

(Huff et al., 2000). Based on this design, each flight consists of
22 maneuvers, resulting in 176 files (test conditions) total. Test
conditions refer to each combination of maneuver, pilot, training
with its harmonics at integer multiples, and sidebancs kit set, and order. Th(_a test conditiqns were counter-balanced 'go as-
’ sure that gross weight and ambient temperature changes did not

+K x Fearrier, and =K x F . However, for a .
Foeveigear X Fearrier * Fplanet T bias the results. For reference, the sequence of the maneuvers for
multi-planet epicyclic system, these frequencies appear clustered : . )
the latin-square design are as follows:

around the mesh frequency and its sidebands, and their harmon-
ics, not necessarily coinciding with the exact frequencies: for an Flight 1, pilot 1, set 1: GHABCDEFBCDEFACDEFABHG
equally-spaced 4-planet system, the frequencies appear at mul-  Flight 2, pilot 1, set 1: GHIJKLMNJKLMNIKLMNIJHG
tiples of 4 of the carrier frequency. In reality, the geometry of Flight 3, pilot 2, set 1: GHABCDEFBCDEFACDEFABHG
the planet gears is such that only 2 planets are equally spaced,  Flight 4, pilot 2, set 1: GHIJKLMNJKLMNIKLMNIJHG
but the two sets of two planets are not equally spaced. In such a Flight 5, pilot 2, set 2: GHDEFABCEFABCDFABCDEHG
case, the frequencies for the epicyclic system appear only at even Flight 6, pilot 2, set 2: GHLMNIJKMNIJKLNIJKLMHG
multiples of the carrier frequency. Flight 7, pilot 1, set 2: GHDEFACBEFABCDFABCDEHG
In addition to the transmission frequencies, there are a num- Flight 8, pilot 1, set 2: GHLMNIJKMNIJKLNIJKLMHG
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Throughout the rest of the paper, a specific maneuver is referreddirection.) It is assumed that ti¢ Y, Z data have been centered
to by its abbreviated description (such as: FCLP for forward (mean is removed). For PCA, tha = 3 columns correspond
climb, low power; SR for sideward flight, right turn; etc.) to variables, and tha = 512 rows correspond to observations.
PCA results in three output matrices, namely, SC andLAT.
The eigenvectors of the x m (m = 3) covariance matrix corre-
THEORETICAL APPROACH spond to the columns of tHeC matrix, which is also amx m
In this paper, the triaxial data are analyzed in a novel way to (m= 3) matrix. Then x m(512x 3) SCmatrix corresponds to the
determine the optimal directions of vibration and the information rotated variables, where each column corresponds to each princi-
gained by analyzing the variation in the directionality. The over- pal component. Theix 1 (3x 1) LAT vector corresponds to the
all approach is based on computing the eigenvectors and eigen-eigenvalues for each eigenvector (variance of each of the score
values of the covariance matrix of the triaxial accelerometer data columns.) PCA in Matlab for the triaxial data in this example
for each of the test conditions in the experimental design and an- results in the following outputs:
alyzing changes during flight. This approach follows previous

work in extracting principal modes from manufacturing surfaces 3651637 0.1324-0.9142—-0.3830
(Bendat and Piersol, 1986; Fukunaga, 1990; Tumer et al., 2000b; | AT — | 40.9655 . PC= 0.9680 02024-—0.1486
Tumer et al., 2000a). Mathematically, it is equivalent to Principal 14.8314 —0.2133 03510-0.9117

Components Analysis (PCA). The approach is described in more

detail in the sections below, using a representative example. Algebraically, the principal components are linear combi-

nations of the original variableX, Y, andZ (centered), which
An Example using Triaxial Data represent the selection of a new coordinate system after ro-

The methodology in this paper performs a Principal Compo- tating the original coordinate system (Johnson and Wichern,
nents Analysis (PCA) on the triaxial data (Johnson and Wichern, 1992). The first principal component, whose coefficients (eigen-
1992; Tumer et al., 2000b; Tumer et al., 2000a). To illustrate, vectors) are indicated in the first column of tR€ matrix, is
vibration data from the triaxial accelerometer for Flight 1, file the linear combination with the highest variance, described as
4, Maneuver FFLS are used as an example. The data are plot-0.1324X + 0.9680f — 0.2133% (using centered variables, Y,
ted in three directions in Figure 2. Timex m input matrix for Z). This is computed a¥X = PC, which is equivalent to the

columns in theSCmatrix. The coefficients imply that the lead-
ing principal component is weighted most by the origiMalxis

Dpotof vl (0.9680 in thePC matrix), and about equally by the other two
original axes. By contrast, the second principal component is
weighted most by th& axis (—0.9142), and the third principal
component by th& axis (—0.9117). If the physical axes were set
up perfectly for the original triaxial data, these weights would be
1.0, and the remaining weights would be equal to 0.

The variance of the first principal component is equal to the
first eigenvalue (the variance of the first column of the score ma-
trix), computed as the first element in thAT vector. The first
principal component accounts for 86% of the total variance

15

10

Z (radial)

-10

-15
50

2 with an eigenvalue ok; = 3651637, whereas the second prin-
cipal component accounts for/% of the total variance with
v tangendaD X verta) an eigenvalue equal o = 40.9655. Each column of the score
o matrix corresponds to the variation of the new eigenvec@s (
Figure 2. 3D PLOT OF THE TRIAXIAL VIBRATION DATA (TSP DATA, matrix) over then = 512 observations. A plot of the scores is
FLIGHT 1, FILE 4, MANEUVER FFLS). shown in Figure 3 for each of the eigenvectors. The first prin-

cipal component represents the mode with the largest amplitude.
Such plots can be used to monitor changes in each of the princi-

these data becomes = [XY Z, where the column¥, Y, and pal components (Tumer et al., 2000b).

Z correspond to the vibration data from the triaxial accelerome-

ter for one test condition, synchronously averaged based on oneComputation of Principal Axis Angles

revolution of the pinion gear (TSP data= 512). (X is the ver- Accounting for the majority of the variance in the data, the
tical direction,Y is the tangential direction, and is the radial first principal component is sufficient to represent the largest ef-
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Plot of Scores for the three eigenvectors. Flight 1, file 4, maneuver FFLS. These angles are Computed for a” of the test COﬂdItIOﬂS. The

” changes in these angles are analyzed to determine the effects of
. the experimental conditions on the direction of maximum vari-
ance.
50
— scz ANALYSIS OF TRIAXIAL VIBRATION DATA

°WW/\/VNVW/\N\NWVV\/V\/VW\N\MN\/\M This section presents the results from the analysis of triaxial
accelerometer data collected from an OH58c helicopter gearbox

during flight tests. First, the analysis of individual TSA data is

presented for each triaxial direction. Then, the individual direc-

-50 L L L L L L L I I I
0 50 100 150 200 250 300 350 400 450 500

50
tions are compared to the transformed optimal (maximum vari-
OPANMANMMAMANNANPAN AN AN ance) directions. Despite of many deficiencies of using fft-based
techniques (especially in the presence of nonstationary methods),
T T T e T T the standard power spectrum is easy to interpret and visualize,
and hence is used in this paper as a preliminary tool to compare
Figure 3. SCORES: VARIATION OF THE PCS OVER ALL OBSERVA- the frequency content in the different measurement directions.
TIONS (TSP DATA, FLIGHT 1, FILE 4, MANEUVER FFLS). Finally, the angles of the first principal axis are considered for

monitoring and quantifying baseline changes in the vibration sig-
natures for each test condition. The maneuvers are described in
fects in the triaxial vibration data. As a result, it makes sense Taple 1, followed by a listing of the test sequence for each flight.
to assume major changes in the experimental conditions will be
captured using this axis only. The elements of B@ matrix
from the analysis above correspond to the eigenvectors of the Frequency Content for Different Gear Sets
3 x 3 covariance matrix using the centered input matixCon- The frequency content for each test condition is analyzed to
ceptualizing the first principal component as the optimal axis of determine the differences observed in the three directions of the
maximum variation, the following angles are computed, based triaxial accelerometer. Figures 5, 6, and 7 show the power spectra
on the conceptual projection shown in Figure 4. These an- for each time-synchronously averaged data set (TSP, TSF, TSC
gles should remain most likely constant unless there is a signif- data) using Flight 1, file 4, maneuver FFLS as an example.
icant change in the baseline vibration signatures. Based on this

Power Spectra of the TSP Vibration Data, file 4 (FFLS)
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Figure 4. FIRST PRINCIPAL COMPONENT AND ITS ANGLES. 1000 M

0 L Q L S L L L L
0 10 20 30 40 50 60 70 80 90 100
Counts

schematic, the angles for the first principal axis are computed as g e 5. POWER SPECTRA IN X, Y, AND Z DIRECTIONS, TRIAXIAL
follows: ACCELEROMETER, TSP DATA. FLIGHT 1, FILE 4, MANEUVER FFLS.

0= atan(P) =atan(pc(2,1)/pc(1,1)) x 180/Tt= 82.21,
g The power spectra for the TSP data show all frequencies that
a= atan(a) =atan(pc(3,1)/pc(1,1)) x180/1t= —57.17. are synchronous with the pinion gear rotation; the spectra for
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Power Spectra for the TSF Vibration Data, file 4 (FFLS)

1000

X Direction
@
S
3

F2
121

F3

L
50

100 150

L
200

Y Direction

L
50

L L
100 150

L
200

Z Direction

)

L
50

L L
100 150

200

Counts

250

Figure 6. POWER SPECTRA IN X, Y, AND Z DIRECTIONS, TRIAXIAL
ACCELEROMETER, TSF DATA. FLIGHT 1, FILE 4, MANEUVER FFLS.
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Power Spectra of the TSC Vibration Data, File 4 (FFLS)
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POWER SPECTRA IN X, Y, AND Z DIRECTIONS, TRIAXIAL

ACCELEROMETER, TSC DATA. FLIGHT 1, FILE 4, MANEUVER FFLS.

(Npiniongear: 19; Nbevelgear: 71; Nringgear = 99-)

As shown in Figure 5, the power spectrum for the TSP data
shows the pinion mesh frequency at bin 19 (P1), its second har-
monic at bin 38 (P2), and its third harmonic at bin 57 (P3), as
well as two additional frequency components at bins 32 (E1) and
48 (E2). These last two frequency components are likely to em-
anate from the engine side. The engine has gears that are syn-
chronous with the engine output shaft, which rotates at the same
speed as the pinion gear (Huff et al., 2001). The power spec-
trum for the TSF data in Figure 6 shows the bevel gear mesh
frequency at bin 71 (F1), its second harmonic at bin 142 (F2),
and its third harmonic at bin 213 (F3), as well as some additional
frequencies at bins 21 and 121, which appeat3 bins from
the bevel gear mesh frequency, possibly corresponding to a side-
band. The power spectrum for the TSC data in Figure 7 shows
the epicyclic mesh frequency around bin 99 (C1), and all of its
harmonics (multiples of 2 through 10). In particular, the sixth
harmonic around bin 594 (C6) and tenth harmonic around bin
990 (C10) dominate the spectra for most of the test cases (see
discussion about exact epicyclic frequencies).

Frequency Content for Different Directions

The differences in the three directioks(vertical),Y (tan-
gential), andZ (radial) of the triaxial accelerometer are also pre-
sented in Figures 5, 6, and 7 for comparison. For the TSP data
(pinion rotation), the tangenti¥l direction shows the highest en-
ergy components, dominated by the engine frequency at bin 48
and the third pinion mesh harmonic at bin 57 throughout the 176
test conditions. The vertica{ direction shows slightly higher
magnitudes than the radi@l direction, consistently throughout
the test conditions. The verticAl direction is dominated by the
frequency at bin 33 and the second pinion mesh harmonic at bin
38 throughout the 176 test conditions. The radidirection has
the smallest magnitude and shows alternating frequency com-
ponents (at the pinion mesh, its harmonics, and at bin 48 for a
few cases) dominating the frequency content throughout the test
conditions. The analysis of the frequencies in the three different

the TSF data show the frequencies that are synchronous with thedirections shows that the tangentiatirection is best to moni-
bevel gear rotation; and, the spectra for the TSC data show all fre- tor the effect of the component at bin 48, and that the verKcal
quencies that are synchronous with the epicyclic output rotation. direction is best to monitor the effect of the component at bin 33.
The expected frequencies that were computed are presented inThe radialZ direction is much lower in energy and can be better
the introductory sections. The x-axis of the spectra is presented used to monitor the changes in the pinion mesh frequency and
in frequency "counts”, which corresponds to the frequency di- its harmonics. Similar observations can be made based on the
vided by the rotational frequency of the gear of interest, or "or- TSF (bevel gear rotation), with the tangentfadirection con-
der”. For example, for the TSP data, a frequency component at taining the highest energy vibrations, and the frequency content
bin 19 will correspond to the pinion mesh frequency, equal to being dominated by the third harmonic of the bevel gear mesh
the number of teeth in the pinion times the rotational frequency frequency. Just as for the pinion-synchronous data, the remain-
of the pinion gear (see discussion about expected frequencies)ing two directions capture vibrations of much lower energy (by
Similarly, for the TSF data, a frequency component at bin 71 is an order of magnitude) than the tangential direction. The TSC
the mesh frequency of the bevel gear, and, for the TSC data, a(carrier) data show much higher vibrational energ¥ iandZ di-
frequency component at bin 99 is the epicyclic mesh frequency rections than the other two synchronous data sets; the vibrational
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energy |n thIS Case |S equal to the energy |eVe|S II’] the tangé(ntlaj Comparison of Spectra for X, Y, Z triaxial data vs. zcli\fScores. Flight 1, file 3, Hover.

direction, with theX direction showing the slightly lower energy, e °
and hence a much noisier frequency spectrum. e ﬂ/\ aj

The results of this analysis show that each of the three di- 2000 ’,
rections can be used to monitor different components of the fre- 0 LA 0 A
quency distribution, highlighting a potential benefit of using tri- ao“"" oo 6000” oo e
axial accelerometers in addition to single-axis accelerometers. .
This becomes much more evident in the case of actual flight con- a JLA % jb\
ditions where different maneuvers can result in an increase or ) * 2000 A
decrease of the vibrational energy in different directions. The re- 0 0
sults also give additional insight about the directionality of the -
vibration depending on the gear set under study. The changes 2000
caused by the different test parameters will be studied further. 2000 5"

1000 200 -A A

Optimality of Triaxial Accelerometer Data % 20 40 e & 100 % on w60 80 100

The tlme—SynChronOusly averaged data are used neXt tO s Comparison of Spectra for X, Y, Z triaxial data vs:,izclgdswres. Flight 1, file 4, FFLS.
decorrelate the three directions and find an optimal direction for w00
the triaxial accelerometer data. Figure 8 presents the compari- 3’
son of the power spectra in tixe Y, Z directions with the power 1000 1 /U
spectra of the scores for the new "directions” described by the 0 k 0
decorrelated principal componer8€l, S, andSC3, for two T e
of the maneuvers, Hover and FFLS, flight 1, pilot 1 (files 3 and 2000
4). As can be observed from these comparative plots, the tan- L & 2000
gential directiorY is equivalent in frequency content to the first 1 " oo
principal component scoreSCL) and the vertical directioX is e e
equivalent to the second principal component scdB€®). The 2000 2000
results throughout the experiment show that for the TSP data, the 1500
triaxial accelerometer data are optimal in the sense that one of  ,,*” 5 100
the directions corresponds to the direction of maximum variance 1000 [U 500
defined by the first principal component. The same results are o o—= Aw —

found for the TSF and TSC data, though the distinction between

the remaining two axeX andZ is not as clear as in the case of Figure 8. POWER SPECTRA OF TRIAXIAL VIBRATION DATA IN X,

the TSP data. Y, AND Z DIRECTIONS VS. POWER SPECTRA OF SCORES FROM
PRINCIPAL COMPONENTS ANALYSIS. FLIGHT 1, FILE 3, MANEUVER

- . N HOVER AND FLIGHT 1, FILE 4, MANEUVER FFLS.
Statistical Analysis of Directional Changes

The angles of the first principal "direction” are computed
next using each of the TSA data sets. The change in these an-
gles provides interesting insight into the vibrational signature the same set of maneuvers (A-E, plus G and H) and flights 2, 4,
changes. Figure 9 shows a plot of thengle of the first prin- 6, and 8 contain the same set of maneuvers (I-N, plus G and H).
cipal component (see Figure 4) for flights 1 and 2, covering the In addition, the following sets of flights have the same maneuver
entire set of 14 maneuvers for the TSP data. Each of the test con-sequence, but different pilots: 1 and 3, 5and 7, 2 and 4, 6 and
ditions has been labeled to show the trends due to the different8. Finally, flights 1 & 3 and flights 5 & 7 represent two different
maneuvers. As can be observed from these plots, there are coniraining sets. With this knowledge at hand, the plots show a dis-
sistent changes in ti2angle due to the different maneuvers in tinctive pattern depending on which set of maneuvers are flown:
both flights. flights 1, 3, 5, and 7 follow a similar trend in tleangle, which

The 6 angles for all of the 176 test conditions for 8 flights s visibly different than the trend followed by the plots for flights
are shown in Figure 10. The plots for the 8 flights are arranged 2, 4, 6, and 8 for the second set of maneuvers. In addition, there
to follow the latin-square test sequence. The Y-axis for each plot are slight differences introduced due to the different pilots and
corresponds to th@angle in Degrees, and the x-axis corresponds different training sets. The plots of the second angtd the op-
to the file number (22 total) for each flight. Several points need timal direction (firstPC) show similar conclusions, as shown in
to be reminded at this point. First, flights 1, 3, 5, and 7 contain Figure 11. These angles are computed for each of the TSA data
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Figure 9. CHANGE IN THETA ANGLES FOR FIRST PRINCIPAL COM-

PONENT. ALL 14 MANEUVERS COVERED IN FLIGHTS 1 AND 2. Figure 10. CHANGE IN THETA ANGLES, TSP DATA, FLIGHTS 1-8.

sets for further analysis of specific gear sets. effect on the vibrational energy in previous work (Huff et al.,
The observations about the changes in the angles of the first2000; Huff et al., 2001). The main effects (maneuver, order, pi-
principal component warrant further study. The most effective lot, and training set) and their second-order interactions are listed
means of determining the effect of each experimental parameterin the second column. The remaining columns provide the re-
is by means of an Analysis of Variance (ANOVA) study (Huff sults using each time-synchronously averaged data set, for the
et al., 2000; Huff et al., 2001; Montgomery, 1991). A simple two variables from the PCA metho@landa. The percentage of
hierarchical ANOVA is being used as a descriptive tool to show the total Sum-of-Squares @848 is shown for each experimental
how the total change in directionality is related to the experi- factor, as well as the significance of each factor. TH&Syro-
mental conditions and covariate measures. This analysis parti- vides an idea of the percentage of total variance represented by
tions the statistical variation in the variable of interest with re- each of the factors. The significance of each factor is reflected in
spect to the covariates, each of the experimental variables, andthe "Sig” column, with 000 indicating a very low probability of
their higher-order interactions. Table 2 presents the results of rejection, and hence a high probability of occurrence (implying
ANOVA performed on théd anda angles for all of the test con-  high significance), and.94 indicating a very high probability of
ditions using the TSP, TSF, and TSC data. The covariate of inter- rejection, and hence a low probability of occurrence (hence low
est is the torque variable, which was shown to have a significant significance) (Montgomery, 1991). The Ground (G) maneuver
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Figure 11. CHANGE IN ALPHA ANGLES, TSP DATA, FLIGHTS 1-8.

has been excluded from the analysis due to its distintively differ-
ent conditions for vibration. The study in this paper concentrates
on the flight maneuvers only.

As shown in Table 2, the empirical model formed by means
of the ANOVA results explains the majority of the total vari-
ance in the data: for example, for tBevariable, the ANOVA
model captures 862% of the total variance in the TSP data, di-
vided amongst the covariate (83%), main factors (469%),
and their second-order interactions @8). The results of the
ANOVA study indicate a strong influence of the maneuver factor
on the optimal direction of vibration (defined by the andlesd
a) for each of the gear sets (TSP, TSF, and TSC data): fof the
angle, maneuvering changes account fai74% of the variance
in the TSP data, 580% of the variance in the TSF data, and
27.91% in the TSC data, each at a very high significance level

9

(0.00). In addition to maneuvering, the second-order interaction
of maneuver with pilots has a significant contribution to the total
variance in the vibration data, as shown for each of the TSA data
cases, for both angle variables. Finally, mean torque changes ac-
count for a large portion of the total variance, as shown for each
of the cases in Table 2. The second-order interaction of maneu-
ver with training set also shows some significance for both TSP
and TSF data sets, but not for the TSC data set.

The previous results showed the same dependence in a qual-
itative way, as shown in Figures 10 and 11. The maneuvers in-
troduce a significant change in the direction of the optimal axis
of vibration, and the pilots fly each of the maneuvers differently.
In addition, the maneuvers are flown slightly differently in each
of the training sets. The ANOVA model describes these obser-
vations more accurately by means of an empirical model (Mont-
gomery, 1991). Finally, as shown in previous work ((Huff et al.,
2000; Huff et al., 2001), the torque covariate has a significant
effect on the vibrational signatures. As a result, the analysis pre-
sented here has been performed on the data after the effect of
the torque covariate has been removed. Torque has the highest
contribution in the carrier-based TSC data, representin@gea
of the total variance i® and 2765% of the total variance ia,
and the smallest contribution in the bevel gear-based TSF data,
accounting for 1@4% of the total variance il and only 221%
of the total variance im. The possible reasons for the varying
contributions of torque require further study of the geometry of
the gears and the forces involved.

CONCLUDING REMARKS

This paper presents results from analyzing vibration data,
collected during actual flight tests, using a triaxial accelerometer
mounted on an OH58c helicopter’s transmission housing. The
triaxial accelerometer measures vibration data in directions that
are vertical, tangential, and radial to the transmission housing
(X,Y, 2). The overall goal is to determine whether using triaxial
accelerometer data, rather than single-axis accelerometer data,
provides more insight for monitoring the vibration content and
levels. Using these data, a preliminary look at a method that will
improve current gearbox fault detection and diagnostics efforts
is presented. The method involves transforming the triaxial vi-
bration data to find the optimal direction of vibration (maximum
variance) using a mathematical transformation, and computing
the angles of the principal directions. These variables are then
used to quantify the statistical variation in the vibrational sig-
nature using an Analysis of Variance approach, in an effort to
understand the sources of baseline changes. Baseline changes
cause inherent variations in the data, resulting in frequent false
alarms for condition monitoring systems in helicopters.

The results demonstrate that the time-synchronously aver-
aged data in three directions provide additional insight into the
frequency content and the dynamics of the vibration. Each of the
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Table 2. ANOVA RESULTS FOR ALL ANGLES.

TSP TSF TSC
0 a 0 a 0 o
Category  Source %SS Sig %SS Sig %SS Sig %SS Sig %SS Sig %SS Sig
Covar. Torque 13.95 0.00 7.66 0.00| 10.04 0.00 221 0.00| 12.08 0.00| 27.65 0.00
Main Combined 46.59 0.00| 64.74 0.00| 51.67 0.00| 67.79 0.00| 29.47 0.00| 41.68 0.00
Maneuver 4477 0.00| 6345 0.00| 50.40 0.00| 6506 0.00f 2791 0.00| 40.98 0.00
Order 0.38 0.32 0.81 0.05| 052 0.15 1.05 0.02 0.04 093| 0.02 0.93
Pilot 1.05 0.01 0.16 0.27| 0.06 0.52 0.61 0.04 119 0.05( 0.17 031
Set 0.39 0.3 0.32 0.12| 0.70 0.02 1.07 0.01 0.33 0.29| 0.50 0.09
2-Way Combined 2548 0.00| 16.72 0.00| 27.01 0.00| 1879 0.00( 33.88 0.00| 16.60 0.00
Man.*Order 226 094 162 096| 464 0.11 3.78 0.27| 1030 0.10| 470 0.28
Man.*Pilot 16.04  0.00 8.88 0.00| 9.49 0.00 7.93 0.00| 17.28 0.00| 8.89 0.00
Man.*Set 6.29  0.00 5.77 0.00| 12.00 0.00 6.73  0.00 573 0.09| 274 0.19
Order*Pilot 048 0.24 0.19 048] 041 0.22 0.06 0.79 022 0.69| 0.12 0.70
Order*Set 0.06 0.84 0.10 0.68| 0.08 0.74 0.12 0.63 0.26 0.64| 0.04 0.89
Pilot*Set 0.01 0.85 0.00 092| 0.02 0.72 0.07 047 0.00 096| 0.01 0.83
Model 86.02 0.00| 89.12 0.00| 88.72 0.00| 88.80 0.00f 7542 0.00| 8593 0.00
Residual 13.98 10.88 11.28 11.20 24.58 14.07
Total 100.00 100.00 100.00 100.00

directions can be analyzed separately to detect potential changes  spindle motors. IPASME Design Engineering Technical
and failure indicators. Specifically, the directionality of the max- Conferencesvolume DETC99/VIB-8331, Las Vegas, NV.
imum variance axis of vibration is used to quantify the statisti- Choy, F., Huang, S., Zakrajsek, J., Handschuh, R., and
cal variation in the data, and shows that maneuvering and torque Townsend, D. (1994). Vibration signature analysis of a
changes, as well as higher-order interactions of maneuver with faulted gear transmission systetNASA Technical Memo-
the remaining factors, have a significant effect on the baseline randum NASA TM-106623/ARL-TR-475/AIAA-94-2937.
vibration signatures. The results from this analysis provide a Dalpiaz, G. and Rivola, A. (1997). Condition monitoring and di-

means to help eliminate the problem of false alarms by provid- agnostics in automatic machines: comparison of vibration
ing a richer basis for meaningful diagnostic analysis, and hence analysis techniquesMechanical Systems and Signal Pro-
warrant further study. Future work includes in-depth analysis of cessing Journall1(1):53-73.

the torque effect on the forces acting on the different sets of gears Ellerbrock, P., Halmos, Z., and Shanthakumaran, P. (1999). De-
in the transmission, comparison with previous work on monitor- velopment of new health and usage monitoring system tools
ing the variance of the vibration data over the entire experiment using a NASA/army rotorcraft. lAmerican Helicopter So-
design, extension to other platforms including the Cobra AH-1 ciety 55th Annual ForurrMontreal, Canada.

helicopter, and extension to test rig data with seeded faults. Fukunaga, K. (1990)Introduction to Statistical Pattern Recog-

nition. Academic Press, New York, NY.
Hambaba, A., Huff, E., and Kaul, U. (2001). Detection and di-
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